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Abstract. In order to validate the nuclear data, we have performed integral experiments for a variety of fusion 
reactor materials with the DT neutron source at FNS in JAEA. The discrepancies between the calculated and 
experimental results were found in some experiments of the previous study, where the measured data might 
include background neutrons scattered in the concrete wall of the experimental room. Thus we perform new 
integral experiments with few background neutrons and validate nuclear data adequately in this study. It is found 
out that the nuclear data on tungsten and vanadium have no problems, while there are still concerns in the nuclear 
data on copper, molybdenum and titanium. We describe the details of the nuclear data on copper, molybdenum 
and titanium based on the experimental results in this study, and propose the modification of the nuclear data.  
 
1. Introduction 
Tungsten, vanadium, copper, molybdenum and titanium are important materials in fusion 
reactors. Tungsten is used as armor materials of the divertor and blanket, and is also used as 
radiation shield materials. Vanadium is a low activation material, and it is one of candidate 
materials of the structure material of the advanced blanket in DEMO reactor. Molybdenum is 
included in stainless steel which is used as a main shielding material in ITER. Copper is used 
as materials of the magnet. Titanium is used as tritium breeder material in the blanket. We 
performed integral experiments on tungsten, vanadium and copper with the DT neutron source 
at the Fusion Neutronics Source (FNS) facility in Japan Atomic Energy Agency (JAEA) over 
20 years ago [1-5]. The calculated results of the dosimetry reaction rates sensitive to low 
energy neutrons such as that of the 197Au(n,γ)198Au reaction largely underestimated the 
measured ones. Background neutrons scattered in the concrete wall of the experimental room 
may have caused these underestimations. In order to reduce the background neutrons and 
validate the nuclear data adequately, we perform new integral experiments with these 
materials covered with Li2O blocks. Li has a very large absorption cross section for low 
energy neutrons, and it is very effective for reduction of the background neutrons. In addition, 
we confirmed that the nuclear data libraries of Li and O were good based on the Li2O 
experiment at FNS [6]. We also newly perform integral experiments on molybdenum and 
titanium with Li2O blocks. 
2. Experiment and analysis 
Figure 1 shows a new experimental assembly of the tungsten experiment. A rectangular 
tungsten assembly is covered with Li2O blocks. Similarly to the tungsten assembly, Li2O 
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blocks cover the vanadium, copper, molybdenum and titanium assemblies. The details of 
these assemblies are as follows; 
(1) Tungsten experiment: A rectangular tungsten assembly of 357 mm in width, 357 mm in 
height and 508 mm in thickness covered with Li2O blocks of 51 mm in thickness for the 
front part, 153 mm in thickness for the side parts and 203 mm in thickness for the rear 
part. The distance between the DT neutron source and the front surface of the assembly is 
150 mm. 
(2) Vanadium experiment: A rectangular vanadium-alloy (V-4Cr-4Ti) assembly of 152 mm in 
width, 136 mm in height and 152 mm in thickness covered with Li2O blocks of 102 mm in 
thickness for the front part, 253 mm in thickness for the side and rear parts. The distance 
between the DT neutron source and the front surface of the assembly is 200 mm. 
(3) Copper experiment [7]: A quasi-cylindrical copper assembly of 630 mm in diameter and 
608 mm in thickness covered with Li2O blocks of 51 mm in thickness for the front and 
side parts, and 153 mm in thickness for the rear part. The distance between the DT neutron 
source and the front surface of the assembly is 149 mm. 
(4) Molybdenum experiment [8]: A rectangular molybdenum assembly of 253 mm in width, 
253 mm in height and 354 mm in thickness covered with Li2O blocks of 51 mm in 
thickness for the front part, 202 mm in thickness for the side parts and 253 mm in 
thickness for the rear part. The distance between the DT neutron source and the front 
surface of the assembly is 150 mm. 
(5) Titanium experiment [9]: A rectangular titanium assembly of 455 mm in width, 455 mm 
in height and 405 mm in thickness covered with Li2O blocks of 51 mm in thickness for the 
front part, 101 mm in thickness for the side and rear parts. The distance between the DT 
neutron source and the front surface of the assembly is 151 mm. 
 
 
 
 
 
 
 
 
 
 
 
 
FIG 1. Experimental assembly of the new tungsten experiment. 
 
Activation foils of Nb, Al, In, W and Au for dosimetry reaction rate measurement are installed 
into small spaces between blocks along the central axis in these assemblies. We measure the 
reaction rates of the dosimetry reactions; 93Nb(n,2n)92mNb, 27Al(n,α)24Na, 115In(n,n’)115mIn, 
186W(n,γ)187W and 197Au(n,γ)198Au reactions. In addition, we install two micro fission 
chambers of 6.25 mm in outer diameter and 25.4 mm in active length in the measurement hole 
of 21 mm in diameter along the center of these assemblies, and measure the fission rates of 
235U and 238U. We analyze these experiments by using the Monte Carlo code MCNP5-1.40 
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[10] with the recent nuclear data libraries, ENDF/B-VII.0 [11], ENDF/B-VII.1 [12], JEFF-3.2 
[13], JENDL-4.0 [14], FENDL-3.0 [15] and JENDL Dosimetry File 99 [16]. 
3. Results and discussion 
3.1. Tungsten experiment 
Figure 2 shows the ratios of the calculation results with JENDL-4.0 and FENDL-3.0 to the 
experiment ones (C/Es) of the reaction rate of the 186W(n,γ)187W reaction. For comparison, 
this figure also shows the C/Es obtained in the previous experiment at FNS. The large 
underestimation observed in the reaction rates in the previous experiment is drastically 
improved in the present experiment. All the calculation results of the reaction rates of the 
93Nb(n,2n)92mNb, 27Al(n,α)24Na, 115In(n,n’)115mIn, 186W(n,γ)187W and 197Au(n,γ)198Au 
reactions and the fission rates of 235U and 238U with ENDF/B-VII.1, JEFF-3.2, JENDL-4.0 
and FENDL-3.0 generally show good agreements with the experiment ones. It is concluded 
that the nuclear data of tungsten have no problem. 
 
3.2. Vanadium experiment 
Figure 3 shows the C/Es of the reaction rate of the 197Au(n,γ)198Au reaction the ratios with 
JENDL-4.0 and FENDL-3.0 to in the previous and present vanadium experiments. Similarly 
to the tungsten experiment, the large underestimation observed in the previous experiment is 
drastically improved in the present experiment. All the calculation results of the reaction rates 
with the nuclear data libraries generally show good agreements with the experiment ones. It is 
concluded that the nuclear data of vanadium have also no problem. 
 
 
 
FIG 2. Ratio of the calculation results with 
JENDL-4.0 and FENDL-3.0 to the experiment 
ones of the reaction rate of the 186W(n,γ)187W 
reaction in the previous and present tungsten 
experiments. 
 
FIG. 3. Ratio of the calculation results with 
JENDL-4.0 and FENDL-3.0 to the experiment 
ones of the reaction rate of the 197Au(n,γ)198Au 
reaction in the previous and vanadium 
experiment.
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3.3. Copper experiment [7] 
Figure 4 shows the C/Es with JENDL-4.0 of the reaction rate of the 197Au(n,γ)198Au reaction 
in the previous and present copper experiments. Similarly to the tungsten and vanadium 
experiments, the underestimation in the previous experiment is improved in the present 
experiment, but the calculation results still underestimate the experiment one with increasing 
distance from the front surface of the assembly. Similarly to the reaction rate of the 
197Au(n,γ)198Au reaction, the calculation results of the reaction rate of the 186W(n,γ)187W 
reaction underestimate the experiment one. In order to investigate reasons of the 
underestimation, we replaced the nuclear data libraries of 63Cu or 65Cu in JENDL-4.0 with 
those in ENDF/B-VII.1 or JEFF-3.2, and recalculated the reaction rates. Figure 5 shows the 
C/Es of the reaction rate of the 197Au(n,γ)198Au reaction using replaced the nuclear data 
libraries of 63Cu and 65Cu in JENDL-4.0 with those in JEFF-3.2. In case the 63Cu data in 
JENDL-4.0 are replaced with those in ENDF/B-VII.1 or JEFF-3.2, the C/Es of the reaction 
rates of the 197Au(n,γ)198Au and 186W(n,γ)187W reactions improve by about 10 %. On the other 
hand, in case the 65Cu data in JENDL-4.0 are replaced with those in ENDF/B-VII.1 or JEFF-
3.2, the C/Es worsen slightly. It is considered that the combination of 63Cu data in JEFF-3.2 
and 65Cu data in JENDL-4.0 is the best. The 63Cu(n,γ) reaction cross section data in JEFF-3.2 
are smaller than those in JENDL-4.0 in the neutron energy from 100 eV to 0.3 MeV, while the 
elastic scattering cross section data of 65Cu(n,γ) in JENDL-4.0 are larger than those in JEFF-
3.2 in the neutron energy from 100 eV to a few keV. Thus we modified the elastic scattering 
and capture cross section data of the 63Cu in JEFF-3.2 and 65Cu data in JENDL-4.0 as follows; 
10% larger elastic scattering cross section data and 10% smaller capture cross section data 
between 100 eV and 0.3 MeV. Figure 4 also shows the C/Es of the reaction rate of the 
197Au(n,γ)198Au reaction with the modified cross section data. The C/Es drastically improve, 
and this finding strongly suggests that the elastic scattering and/or capture reaction cross-
section data of capper should be evaluated.  
 
FIG 4. Ratio of the calculation results with 
JENDL-4.0 and modified JENDL-4.0 to the 
experiment ones of the reaction rate of the 
197Au(n,γ)197Au reaction in the previous and 
present copper experiments. 
 
 
FIG 5. Ratio of the calculation results to the 
experiment one of the reaction rate of the 
197Au(n,γ)197Au reaction using replaced the 
nuclear data libraries of 63Cu and 65Cu in 
JENDL-4.0 with those in JEFF-3.2 in the 
present copper experiment.
0.4
0.6
0.8
1.0
1.2
1.4
1.6
0 200 400 600
JENDL-4.0 (Present expt.)
Modified JENDL-4.0 
(Present expt.)
JENDL-4.0 (Previous expt.)
C
al
c.
 / 
Ex
pt
.
Depth in the assembly [mm]
Expt. Error
0.4
0.6
0.8
1.0
1.2
1.4
1.6
0 200 400 600
63Cu: JENDL-4.0, 65Cu: JENDL-4.0
63Cu: JEFF-3.2, 65Cu: JENDL-4.0
63Cu: JENDL-4.0, 65Cu: JEFF-3.2
C
al
c.
 / 
Ex
pt
.
Depth in the assembly [mm]
Expt. Error
5  FNS/P5-5 
3.4. Molybdenum experiment [8] 
Figures 6 and 7 show the C/Es of the reaction rate of the 93Nb(n,2n)92mNb and 197Au(n,γ)198Au 
reactions, respectively, with JENDL-4.0 and JEFF-3.2 in the molybdenum experiment. The 
C/Es generally decrease with increasing distance from the front surface of the assembly for all 
the nuclear data libraries. Comparing the (n,2n) cross section data of natMo with the 
experimental data, those in JEFF-3.2 are more consistent with the experimental data by 
Frehaut [17] than those in JENDL-4.0. We replace the (n,2n) cross sections of all the Mo 
stable isotopes in JENDL-4.0 with those in JEFF-3.2. Although the (n,γ) cross section data of 
natMo in JENDL-4.0 are consistent with the experimental data by Stravisskly [18], they are 
larger than those by Fricke [19]. Additionally we multiply the (n,γ) cross section data above 
200 eV of all the Mo stable isotopes except for 98Mo in JENDL-4.0 by 0.7 as a trial. Figures 5 
and 6 also show the C/Es with the modified JENDL-4.0. The C/Es drastically improve, and 
this finding strongly suggests that the molybdenum data in JENDL-4.0 should be revised 
based on the modified ones. 
 
 
FIG 6. Ratio of the calculation results with 
JENDL-4.0, JEFF-3.2 and modified JENDL-
4.0 to the experiment ones of the reaction rate 
of the 93Nb(n,2n)92mNb reaction in the 
molybdenum experiment. 
 
 
FIG 7. Ratio of the calculation results with 
JENDL-4.0, JEFF-3.2 and modified JENDL-
4.0 to the experiment ones of the reaction rate 
of the 197Au(n,γ)198Au reaction in the 
molybdenum experiment.
 
3.5. Titanium experiment [9] 
Figures 8 and 9 show the C/Es of the reaction rate of the115In(n,n’)115mIn and 197Au(n,γ)198Au 
reactions, respectively, with JENDL-4.0, JENDL-4.0u1, ENDF/B-VII.0 and ENDF/B-VII.1 in 
the titanium experiment. From the C/Es of the reaction rates of the 115In(n,n’)115mIn and 
197Au(n,γ)198Au reactions and the fission rate of 235U, the calculated result with ENDF/B-VII.1 
agrees with the measured one the best. In order to investigate which reaction in titanium 
isotopes in ENDF/B-VII.1 mainly improved the agreement between the measured and 
calculated reaction rates, we calculate the reaction rates with temporarily modified nuclear 
data where only specified reaction cross sections in the original ENDF/B-VII.0 are replaced 
with those in ENDF/B-VII.1. It is found out that two reactions of (n,2n) and (n,n’cont) for 48Ti 
contribute to the improvement of C/E of the reaction rate of the 115In(n,n’)115mIn reaction with 
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ENDF/B-VII.1. The shapes of the resonance cross section data of 48Ti are very different 
among the nuclear data libraries, which drastically affect the calculated reaction rates of the 
197Au(n,γ)198Au and 235U(n,fission) reactions. It is also found out that the calculated result 
with JENDL-4.0u1 agrees with the measured reaction rates for the 197Au(n,γ)198Au and 
235U(n,fission) reactions better than that with JENDL-4.0 because of the improved resonance 
representation.
 
 
FIG 8. Ratio of the calculation results with 
JENDL-4.0, JENDL-4.0u1, ENDF/B-VII.0 and 
ENDF/B-VII.1 to the experiment ones of the 
reaction rate of the 115In(n,n’)115mIn reaction in 
the titanium experiment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG 9. Ratio of the calculation results with 
JENDL-4.0, JENDL-4.0u1, ENDF/B-VII.0 and 
ENDF/B-VII.1 to the experiment ones of the 
reaction rate of the 197Au(n,γ)198Au reaction in 
the titanium experiment. 
 
4. Summary 
In order to verify the nuclear data for fusion reactor materials, we performed new integral 
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with DT neutron source at FNS in JAEA. All the assemblies were covered with Li2O blocks 
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measured the dosimetry reaction rates using the activation foils and the fission rates using the 
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and fission rates by using the Monte Carlo code MCNP5-1.40 with the recent nuclear data 
libraries JENDL-4.0, ENDF/B-VII.1, ENDF/B-VII.0 and JEFF-3.2. The underestimations of 
the calculation results sensitive to low energy neutrons observed in the previous tungsten and 
vanadium experiments without Li2O blocks drastically improved in the present experiment, 
and all the calculation results agreed very well with the experiment results. It was found out 
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present experiment, all the calculation results still underestimated the experiment ones with 
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increasing distance from the front surface of the assembly. The elastic scattering and/or 
capture reaction cross section data of copper should be evaluated to improve the calculation 
results. In the molybdenum experiment, the C/Es generally decreased with increasing distance 
from the front surface of the assembly for all the reaction rates and all the nuclear data 
libraries. It was found out that the (n,2n) cross section data for all the Mo stable isotopes in 
JEFF-3.2 were more suitable than those in JENDL-4.0 and the capture reaction cross section 
data of 92Mo, 94Mo, 95Mo, 96Mo, 97Mo, and 100Mo in JENDL-4.0 should be decreased. In the 
titanium experiment, the calculated results with ENDF/B-VII.1 agreed with the measured ones 
the best. This was because the (n,2n) and (n,n’cont) reaction cross section data and resonance 
parameters in ENDF/B-VII.1 were the most suitable.  
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